We assessed the prolonged swimming performance (U crit ), metabolic rate ( & MO 2-min and & MO 2-max ), and oxygen cost of transport (COT) for upper Fraser River pink salmon (Oncorhynchus gorbuscha (Walbaum, 1792); 53.5 ± 0.7 cm FL) and sockeye salmon (Oncorhynchus nerka (Walbaum, 1792); 59.3 ± 0.8 cm FL) across a range of naturally occurring river temperatures using large Brett-type swim tunnel respirometers. Pink salmon were capable of similar relative critical swimming speeds (U crit ) as sockeye salmon (2.25 FL·s -1 ), but sockeye salmon swam to a higher absolute U crit (125.9 cm·s -1 ) than pink salmon (116.4 cm·s -1 ) because of their larger size. Nevertheless, three individual pink salmon (U crit-max = 173.6 cm·s -1 ) swam faster than any sockeye salmon (U crit-max = 157.0 cm·s -1 ), indicating that pink salmon are far better swimmers than has been previously assumed. Metabolic rate increased exponentially with swimming speed in both species and was highest for pink salmon, but swimming efficiency (i.e., COT) did not differ between species at their optimal swimming speeds. The upper and lower limits of metabolism did not differ between species and both & MO 2-min and & MO 2-max increased exponentially with temperature, but aerobic costs of transport were independent of temperature in both species. Strong thermal dependence of both swimming performance and COT were expected but not demonstrated in either species. Overall, a higher degree of inter-individual variability in pink salmon swim performance and capacity suggests that this species might not be as locally adapted to particular river migration conditions as are sockeye salmon. (Walbaum, 1792) ; 59,3 ± 0,8 cm LF) du Fraser supérieur sur une gamme de températures fluviales naturelles dans de grands respiromètres de type Brett avec tunnel de nage. Les saumons roses peuvent atteindre les mêmes vitesses de nage critiques (U crit ) relatives que les saumons rouges (2,25 LF·s -1 ), mais les saumons rouges atteignent une valeur de U crit absolue plus grande (125,9 cm·s -1 ) que les saumons roses (116,4 cm·s -1 ) à cause de leur plus grande taille. Néanmoins, trois des saumons roses individuels nagent plus vite (U crit-max = 173.6 cm·s -1 ) que tous les saumons rouges (U crit-max = 157,0 cm·s -1 ), ce qui indique qu'ils sont de bien meilleurs nageurs qu'on l'a cru jusqu'ici. Le taux de métabolisme augmente de façon exponentielle en fonction de la vitesse de nage chez les deux espèces et il est supérieur chez le saumon rose, mais l'efficacité de la nage (c.-à-d. COT) n'est pas différente chez les deux espèces à leur vitesse de nage optimale. Les limites supérieures et inférieures du métabolisme ne diffèrent pas chez les deux espèces et & MO 2-min et & MO 2-max augmentent de façon exponentielle en fonction de la température, mais les coûts aérobies du transport sont indépendants de la température chez les deux espèces. Nous nous attendions à une forte dépendance thermique à la fois de la performance de nage et de COT, ce qui ne se produit pas chez ces espèces. Globalement, le degré plus fort de variabilité entre individus dans la performance et la capacité de nage chez le saumon rose indique que cette espèce peut ne pas être aussi bien adaptée localement aux conditions particulières de migration du fleuve que le saumon rouge.
Introduction
Though there are a few exceptions, most populations of pink salmon (Oncorhynchus gorbuscha (Walbaum, 1792)) migrate very short distances upriver to spawning areas (Heard 1991) . Unlike the migrations of other species of Pacific salmon, most of these spawning runs do not pass through areas of high-velocity water. Therefore, it is a common belief that adult pink salmon have the relatively poorest swimming abilities (reviewed in Heard 1991) . However, few studies have rigorously assessed or confirmed this notion, and the few that have examined swimming and metabolic performances of pink salmon are equivocal in their conclusions (Brett 1982; Milliken 1983; Williams and Brett 1987) . The fact that swimming performance of pink salmon is so poorly understood is particularly surprising given that it has the smallest mature body size of all the Pacific salmon (Heard 1991) ; therefore, it should be the easiest to use in laboratory investigations. Moreover, it is readily available, with adult returns over the past 25 years generally exceeding 10 million in British Columbia (B. White, personal communication) and 100 million in southeast Alaska (Hilborn and Eggers 2000) ; it is by far the most abundant of all the Pacific salmon species (Heard 1991) .
Of all Pacific salmon species, sockeye salmon (Oncorhynchus nerka (Walbaum, 1792) ) are believed to have the best swimming abilities (Burgner 1991) , so the few studies that have examined swimming abilities of pink salmon have also examined sockeye salmon for comparison. Williams and Brett (1987) , whose study is the most comprehensive to date, found no differences in critical swimming speeds between adults of these two species, but higher metabolic rates for pink salmon. Brett (1982) and Milliken (1983) both suggested that adult pink salmon had lower critical swimming speeds than sockeye salmon, but higher metabolic rates and costs of transport. Different results among studies may have arisen because species were not examined across the same temperature range; the data had to be corrected to a common temperature in an attempt to account for this in Williams et al. (1986) . Additionally, recent work with adult sockeye salmon has shown that different populations have differing swimming capabilities, depending on the distance the population must travel to its spawning areas (long distance migrants have superior abilities) and the temperatures encountered during the migration (those experiencing warmer temperatures have maximum performance at warmer temperatures) (Lee et al. 2003a (Lee et al. , 2003b . As different populations of sockeye salmon were used in studies contrasting with pink salmon, it is difficult to draw definite conclusions about differences between pink salmon and sockeye salmon.
A further problem with the dearth of studies on adult pink salmon is that there have been no bioenergetic models constructed for this species because there have been virtually no respirometry assessments. Bioenergetic models are valuable tools for understanding natural processes such as growth and mortality rates, habitat selection and utilization, and for guiding management decisions on harvest or habitat manipulation. A pink salmon bioenergetic model was recently used to study how temperature and water flow may affect migrating pink salmon in the Fraser River , but it required the "borrowing" of metabolic information from sockeye salmon. This borrowing, even from closely related species, can result in significant bias in model predictions (Trudel et al. 2004) .
The purpose of this study was to assess the swimming performance and energetics of adult pink salmon. To accomplish this, we used swim tunnel respirometry to determine critical swimming speeds, oxygen uptake, and costs of transport across the full range of temperatures that can naturally occur during their upriver migration. To put our results into an inter-specific perspective, we also assessed the swimming performance of adult sockeye salmon, under identical conditions, so that direct comparisons could be made with those of pink salmon. To ensure that population-specific swimming abilities (e.g., those related to migration distance; Lee et al. 2003a Lee et al. , 2003b did not unduly influence our results, we used the longest distance migrating populations within both species, from the Fraser River watershed, as subjects for our experiments.
Methods

Study animals
Experiments were performed on 53 Fraser River pink salmon, the upper Fraser stock, that were destined for spawning grounds on the Seton or Thompson rivers (located 300-400 km from the ocean; elevation gain of~400 m) and 16 Fraser River sockeye salmon, the Early Stuart stock, that were destined for spawning grounds in the Stuart and Takla lakes area (located 1100-1300 km from the ocean, elevation gain of~700 m) (Fig. 1 ). Fish were collected during their spawning migrations in July (sockeye salmon) and September (pink salmon) in 1999 September (pink salmon) in , 2000 September (pink salmon) in , and 2001 . Based on daily Fraser River temperature data collected 250 km upriver from the ocean, from 1941 to 2001, average river temperatures during Early Stuart sockeye and upper Fraser pink migrations were 15.8 and 14.3°C, respectively (D. Patterson, unpublished data). While 95% of the years have average temperatures within ±1.4°C of the long-term average, the historical minimum and maximum daily temperatures during their Fraser River migrations are 9 and 20°C, respectively. In some years, daily temperatures can be as high as 22°C in rivers that are tributary to the Fraser, which populations must also traverse to reach spawning grounds.
All sockeye salmon and 26 pink salmon were caught with knotless cotton dip nets from the Hell's Gate Fishway, situated on the Fraser River, 250 km upriver from the ocean. Capture at this locale and date ensured that migrants belonged to the intended populations. The remaining pink salmon were collected from the fish ladder at the BC Hydro dam on the Seton River at Lillooett, British Columbia, situated 500 km upriver from the ocean.
Fish were transported to one of three laboratory facilities in a 330 L insulated tank. The facilities were all situated near the migration routes of these fish, with no fish being transported more than 250 km (Fig. 1) . Transport water was chilled with block ice and contained a dilute Marinil ® anaesthetic (0.02 mg·L -1 metomidate hydrochloride; Syndel International Inc., Vancouver, British Columbia) to calm fish. Compressed air was bubbled into water to maintain oxygen concentrations above 7 mg O 2 ·L -1 . No more than 10 fish were transported at a time. Fish were held in 1200 L holding tanks (maximum 6 fish per tank) for 24 h at their ambient river temperature at time of capture. Within each species, some fish were maintained at this ambient temperature, while the remainder were exposed to either warmer or cooler temperatures (up to a maximum of ambient ±5°C) at a rate of 1-2°C·day -1 . Salmon were held at temperatures used in experiments for 2-5 days, a period that we felt was adequate for two reasons. First, these populations experience much more abrupt changes in temperature during their migration, so our imposed changes should not cause undue or unnatural levels of stress; second, experiments we conducted using cutthroat trout (Oncorhynchus clarkii clarkii (Richardson, 1836) ) demonstrated that more rapid temperature changes (1°C·h -1 ) than that imposed in the current study did not affect swimming performance regardless of whether acclimation occurred for 2 days or 3 weeks (MacNutt et al. 2004 ).
Experimental protocols
Swim performance tests were performed on 1-2 fish·day -1 using two mobile Brett-type swim tunnels (471.2 L, internal diameter (ID) of swimming chamber = 25.4 cm; 287.4 L, ID = 20.3 cm) (Farrell et al. 2003) . We performed our experiments across a large temperature range (9-22°C), reflecting the historical minimum and maximum daily temperatures that these populations have encountered during their migrations (see above). The protocols for swimming adult salmon have been fully described and validated previously (Farrell et al. 1998 (Farrell et al. , 2003 . Briefly, the evening prior to testing, a fish was lightly anaesthetized (buffered 0.2 mg·L -1 of MS-222 (tricaine methoanosulfonate); Syndel International Inc., Vancouver, British Columbia) to permit measurements of body mass (kg), fork length (FL; cm), maximum depth (d; cm), and width (w; cm) before introducing the fish to the respirometer. The fish recovered for approximately 1 h at a water velocity of 0.45 FL·s -1 and then performed a conditioning swim test (Jain et al. 1997) , as described for adult salmon in Farrell et al. (2003) . This conditioning swim served to familiarize the fish with swimming in the tunnel and also provided an estimate of critical swimming speed (U crit ) that was used to determine the test protocol the following day. Fish recovered overnight for 12-16 h at a water velocity of 0.45 FL·s -1 . Water at the experimental temperature was continuously delivered to the respirometer to ensure a dissolved O 2 concentration ([O 2 ]) >7 mg·L -1 . The swimming tests consisted of a modified repeat ramp-U crit test (Jain et al. 1997) . Velocity increments of 0.15 FL·s -1 every 5 min were used to ramp fish up to 50%-70% of the maximum speed attained in the conditioning test (i.e., 51%-100% of U crit ). Thereafter, the water velocity increments lasted 20 min until the fish failed. The fish recovered for 45 min at 0.45 FL·s -1 before the ramp-U crit test was repeated. Following the swim tests, the fish was removed from the respirometer and killed by a blow to the head. Internal visual inspections confirmed sex.
Respirometry and videography
Oxygen uptake ( & MO 2 ) was measured before, during, and after each of the swim tests using closed respirometry as detailed in Farrell et al. (2003) . For all & MO 2 measurements, air bubbles were removed from the system, water flow was stopped, and the decrease in dissolved [O 2 ] over time was recorded by monitoring [O 2 ] continuously as it passed from the swim tunnel across a water-jacketed OxyGuard Mark IV oxygen electrode (Point Four Systems, Delta, British Columbia). At no time during these measurements did [O 2 ] in the water decrease below 7 mg·L -1 , and at all other times it approached 100% air saturation (range 8-14 mg·L -1 , depending on water temperature). The swim tunnel was cleaned thoroughly between fish, and background oxygen consumption measurements, taken twice weekly without a fish in the tunnel, revealed no detectable change in [O 2 ]. The following & MO 2 measurements were taken: (i) routine & MO 2 while the fish was resting early morning and prior to the swim tests, (ii) active & MO 2 during velocity increments of the ramp portion of the swim test and during the final 10 min period of every 20 min velocity increment in both U crit trials, and (iii) during recovery for a 5 min period at the end of the 40 min recovery period after the U crit trial. A minor increase in water temperature (<0.5°C) was unavoidable during a swim test, so the temperature reported is that measured at U crit .
All swim tests were videotaped at 60 frames·s -1 using a black and white charged couple device camera and a VHS time-lapse recorder. The camera was positioned perpendicular to the swim chamber and aimed at a mirror situated at a 45°angle under the chamber. This enabled clear recordings of swimming movements of the fish's ventral side and facilitated assessments of tail beat frequency (TBF; beats·min during each & MO 2 measurement. The swimming speed at which burst/coast behaviour began to consistently supplement steady body -caudal fin swimming was also determined by visual observation of the tail and body movements on the video. This speed of gait transition (U GT ) was recorded as the swimming speed at which a fish displayed at least 3 burst/coast sequences·min -1 (burst to the front of the tunnel followed by passive drifting to the rear of the tunnel), provided that this behaviour continued throughout the remainder of the test.
Calculating swimming performance and energy-use variables
U crit values (FL·s -1 ) were calculated as in Brett (1965) :
where U f is the water velocity of the last fully completed interval (FL·s -1 ), t f is the amount of time spent in the failed interval (min), t i is the length of each interval (20 min), and U i is the velocity increment (0.15 FL·s -1 ). The U crit values reported here were adjusted for any error owing to solid blocking effects (E S ) so that
E S was calculated as described by Bell and Terhune (1970) , assuming a streamlined shape factor:
where FL is the fork length of the fish (cm), w and d are maximum body width and depth (cm), respectively, A F is the cross-sectional area of the fish (cm 2 ), and A T is the crosssectional area of the tunnel (cm 2 ). Assuming an elliptical shape, the cross-sectional area of the fish was calculated as [4] A dw
Fish were excluded from statistical analyses if solid blocking exceeded 25%. The recovery ratio was calculated from the ratio of the second and first U crit values.
Oxygen uptake ( & MO 2 ; mg O 2 ·kg -1 ·min -1 ) was calculated as
, V is the volume of the respirometer (L; where V = total volumemass of fish, assuming that 1 kg of fish occupies 1 L), m is the mass of the fish (kg), and t is the time (min). We present
for each individual was usually recorded at U crit (Farrell and Steffensen 1987) and swimming speed was fitted with a four parameter sigmoidal curve (for details see Lee et al. 2003b ) and these modelled data were used to estimate the cost of transport (COT; mg O 2 ·kg -1 ·m -1 ) at each swimming speed so that
where & MO 2 is the predicted oxygen consumption (mg O 2 ·kg -1 · min -1 ) at a given swimming speed U (cm·s -1 ) and k is the unit conversion factor equal to 100/60. The minimum COT (COT min ) was calculated for each individual and the swimming speed at which COT min occurred (U opt ) was interpolated as illustrated in Fig. 2 . The average COT (COT ave ) was calculated as an average of values across 6-12 swimming speeds for each individual fish. The overall mean for COT ave was calculated based on averaging among all fish within each species.
An index of recovery following the first U crit trail was calculated as [7] 100
where & MO 2 -U crit is the active metabolic rate measured at U crit-1 , & MO 2 -U crit +45 is the metabolic rate measured 45 min after failing the first U crit test, and & MO 2-min is the lowest metabolic rate recorded for the individual throughout both U crit trials.
Statistical analyses
Independent sample t tests were used to contrast fish FL length, mass, recovery ratio, gait change, COT ave , and COT min between species. Paired t tests were used to compare COT ave , COT min , and initial & MO 2 values between the two swimming trials. We used analysis of covariance (ANCOVA) to assess the effect of species (the fixed factor) and temperature (the covariate) on the following dependent variables: recovery ratio, COT ave , COT min , & MO 2-min , & MO 2-max , and metabolic scope. We used repeated-measures ANCOVA to assess the effect of species and swimming speed (the covariate) on the dependent variable & MO 2 . Separate analyses were run to examine & MO 2 values for both swimming trials. Repeated-measures ANCOVA was also used to assess the effects of species and TBF speed on the dependent variable & MO 2 , and to assess the effects of species and swimming speed on the dependent variable TBF. Repeated-measures analyses were required because there were multiple measures of & MO 2 and TBF from the same fish. If for a particular dependent variable the interaction terms and effects of species were not significant, pink salmon and sockeye salmon data were pooled and GLM regression was used to examine the effects of the covariate. If the interaction term was not significant but a species effect was evident, the effect of the covariate was examined on pink salmon and sockeye salmon separately. Repeated-measures analyses were conducted using R version 1.6.2 (R Development Core Team 2003) and all other analyses were carried out using SPSS ® version 10.0.9 (SPSS Inc. 1999). & MO 2-min , & MO 2-max , and metabolic scope are known to increase exponentially with respect to temperature and swimming speed (Brett 1995) ; thus, we log transformed these variables to linearize relationships prior to conducting analyses. Statistical significance was considered at P ≤ 0.05.
Because we are examining swimming performance across a complete range of naturally encountered migration temperatures, we expect that the species-specific relationship between U crit and temperature will follow a simple quadratic model so that U crit is maximum at some intermediate temperature and is progressively lower as temperatures increase or decrease away from this intermediate value (Brett 1995) . Such quadratic relationships have recently been described for migrating populations of adult sockeye salmon and coho (Oncorhynchus kisutch (Walbaum, 1792)) salmon (Lee et al. 2003a) .
Curve estimation in SPSS ® was used for fitting the quadratic relationships. To compare quadratic curves between species, we plotted 95% confidence intervals for both curves and examined where intervals did or did not overlap. All values are reported as means ± SE.
Results
Several pink salmon were excluded from statistical analyses largely because of technical difficulties with our oxygen probe or with water-flow problems in the tube, although a few were excluded because they were unable to successfully complete the first U crit trial or had solid blocking values that exceeded our minimum criteria. In total, 16 sockeye salmon and 35 pink salmon were used to evaluate the effects of temperature and species on U crit , & MO 2-min , & MO 2-max , and metabolic scope. ANOVAs revealed no differences in fish size, swimming performance, or metabolic parameters between sampling locations and years in either species. Sockeye salmon subjects (59.3 ± 0.8 cm FL, 2.33 ± 0.10 kg) were 11% longer (P < 0.01) and 31% heavier (P < 0.01) than the pink salmon subjects (53.5 ± 0.7 cm FL, 1.78 ± 0.01 kg). Two pink salmon were not able to successfully complete their second U crit trial, so these two can only be included in some subsequent analyses. We examined TBF and gait transition, and linked these to & MO 2 , using video analysis on a subset of fish comprising 26 pink salmon and 10 sockeye salmon.
Recovery ratio (U crit-2 /U crit-1 ) did not differ from unity for either pink salmon (1.02 ± 0.04; t test, P = 0.53) or sockeye salmon (t test, P = 0.76), indicating that fish recovered sufficiently well after swimming to exhaustion in U crit-1 . ANCOVA revealed no effect of species (P = 0.94), temperature (P = 0.18), or an interaction of these main effects (P = 0.99) on the recovery ratio. When data were pooled among species, the recovery ratio did not show a significant relationship with temperature (GLM, P = 0.09). For each fish, the higher of its two U crit values was termed U crit-max and was used in subsequent analyses.
We found no statistically significant quadratic relationships between U crit-max and temperature (Fig. 3) , although the best quadratic model fits were for predicting effects of temperature on absolute (R 2 = 0.31, P = 0.10) and relative (R 2 = 0.23, P = 0.18) U crit-max for sockeye salmon. Linear regression found even poorer relationships between temperature and either absolute (R 2 = 0.08, P = 0.28) or relative (R 2 = 0.03, P = 0.53) U crit-max for sockeye salmon. Pink salmon had the poorest quadratic fits for predicting effects of temperature on absolute (R 2 = 0.17, P = 0.49) and relative (R 2 = 0.17, P = 0.10) U crit-max . However, linear regression found significant relationships, but with very low predictive ability, between temperature and both absolute (R 2 = 0.15, P = 0.05) and relative (R 2 = 0.16, P = 0.03) U crit-max for pink salmon. The 95% confidence intervals for quadratic models of both species largely overlapped for predictions of relative U crit-max , but showed more divergence for absolute U crit-max with sockeye salmon exhibiting higher values between 12 and 19°C. Across our temperature range, sockeye salmon (2.26 ± 0.08 FL·s -1 ) and pink salmon (2.25 ± 0.08 FL·s -1 ) had similar relative U crit-max . Pink salmon (1.25-3.15 FL·s -1 ) exhibited a broader range than did sockeye salmon (1.72-2.78 FL·s -1 ). Because sockeye salmon were larger than pink salmon, they had higher mean absolute U crit-max than did the pink salmon (129.6 ± 4.0 cm·s -1 and 118.4 ± 4.4 cm·s -1 , respectively). Even so, 30% of pink salmon swam faster than the average U crit for sockeye salmon and three individual pink salmon, despite being smaller, swam at a higher absolute U crit-max than any sockeye salmon (Fig. 3) .
The change in swimming gait from steady non-burst swimming to unsteady burst-then-coast swimming occurred at the same point in the trials for both species (t test, P = 0.36). For pink salmon it occurred at 89.1% ± 2.1% of U crit (N = 25, range = 71%-100%), and for sockeye salmon it occurred at 93.6% ± 2.8% of U crit (N = 9, range = 86%-100%). Thus, most fish exhibited an unsteady swimming gait only for the last few minutes of each trial. One sockeye salmon (U crit-1 = 1.88 FL·s -1 ) and one pink salmon (U crit-1 = 1.95 FL·s -1 ) completed the first swimming trial without exhibiting any gait change. This sockeye salmon had a considerably higher U crit-2 and this pink salmon refused to swim in the second test.
As expected, & MO 2 increased exponentially with increasing swimming speed for both trials (for both, P < 0.05; Fig. 4) . The effect of species on the relationship between & MO 2 and swimming speed was also significant for both trials (for both, repeated-measures ANCOVA, P ≤ 0.01), with & MO 2 being higher for pink salmon in both trials. However, there was 
Fig. 2. Derivation of values of oxygen cost of transport (COT).
Average COT (COT ave ) is calculated as the average of COT values across all swimming speeds using modelled oxygen consumption data. The minimum COT (COT min ) is the lowest value that occurred across all swimming speeds (U). COT min occurs at the most energetically efficient, or optimum, swimming speed (U opt ).
no interaction between swimming speed and species in either trial (for both, repeated-measures ANCOVA, P > 0.10). & MO 2 also increased exponentially with increasing TBF (P < 0.01; Fig. 5 ). We also uncovered both a species effect and an interaction effect (for both, repeated-measures ANCOVA, P < 0.01) so that oxygen use for swimming was lower for sockeye salmon than pink salmon. However, this difference between the two species was greatest at low and moderate TBF. & MO 2-min and & MO 2-max both increased with temperature (for both, ANCOVA, P ≤ 0.01; Fig. 6a ). The relationships between & MO 2-min and temperature (ANCOVA, P = 0.93) and & MO 2-max and temperature (ANCOVA, P = 0.38) did not differ between species. There was also no interaction between species and temperature (ANCOVA, P = 0.94 and P = 0.53 for sockeye salmon and pink salmon, respectively). There was no effect of temperature on metabolic scope (ANCOVA, P = 0.26; Fig. 6b) , and no effect of species (ANCOVA, P = 0.21) or interaction between species and temperature (ANCOVA, P = 0.32,). When species were considered separately, however, metabolic scope increased with temperature for sockeye salmon (GLM, P < 0.01), but not for pink salmon (GLM, P > 0.82).
COT ave was significantly higher (t test, P < 0.01) for pink salmon (0.23 ± 0.01 mg O 2 ·kg -1 ·m -1 , n = 7) than for sockeye salmon (0.17 ± 0.01 mg O 2 ·kg -1 ·m -1 , n = 8), but there was no interspecific difference (t test, P = 0.27) in COT min (0.16 ± 0.01 mg O 2 ·kg -1 ·m -1 for pink salmon, 0.14 ± 0.01 mg O 2 ·kg -1 ·m -1 for sockeye salmon), in U opt assessed in absolute terms (t test, P = 0.63; 70.86 ± 2.94 cm·s -1 for pink salmon, 66.78 ± 1.55 cm·s -1 for sockeye salmon), or in U opt assessed in terms of the percentage of U crit (t test, P = 0.14; 62.4% ± 1.7% for pink salmon, 53.4% ± 1.1% for sockeye salmon). Temperature did not affect COT ave , COT min , or U opt (ANCOVA, all P > 0.24). TBF was linearly and positively related to swimming speed (P < 0.01), and this effect was significant for both species (pink salmon: P < 0.01, R 2 = 0.81; sockeye salmon; P < 0.01, R 2 = 0.8) (Fig. 7) . A significant interaction between species and swimming speed (repeated-measures ANCOVA, P < 0.01) indicated that pink salmon had disproportionately higher TBF at fast swim speeds than that of sockeye salmon.
Discussion
We provide for the first time metabolic and swimming performance data for pink salmon and sockeye salmon that can be reliably compared. We conclude that adult pink salmon are not inferior swimmers compared with sockeye salmon as suggested by Heard (1991) and that any differences we observed were subtle rather than major. Specifically, relative U crit-max , & MO 2-max , aerobic metabolic scope, COT min , U opt , and the speed at which the fish made a gait transition were similar for both species. Nevertheless, all of these variables were much more variable among individual pink salmon than for sockeye salmon. However, the fact that we found no difference between species in COT min indicates that pink salmon are capable of swimming as efficiently as sockeye salmon. Our results are in line with those of Williams and Brett (1987) , who found that the relative 30 min U crit of adult pink salmon in the field was comparable with those previously measured in the laboratory for sockeye salmon even though their U crit values had been adjusted to a common temperature of 15°C. We found three individual pink salmon that were capable of higher absolute U crit than even our fastest sockeye salmon. It is important to note that our & MO 2-max values measured at 15°C (15.6 ± 0.3 mg O 2 ·kg -1 · min -1 ) are as high as that reported by Williams and Brett (1987) (i.e., maximum 13.8 mg O 2 ·kg -1 ·min -1 ). Moreover, as we will review below, pink salmon have equal or superior swimming performance compared with other Pacific salmon species.
Populations of sockeye salmon and pink salmon that ascend high gradients, encounter fast water, and traverse long distances are more hydrodynamically shaped, have higher initial energy reserves, and have lower costs of transport than populations with less arduous migration conditions (Crossin et al. 2004a (Crossin et al. , 2004b . Presumably these energy conservation characteristics are under strong natural selection, as feeding does not occur during migrations and longdistance migrants have little reserve energy upon arrival at the spawning grounds (Crossin et al. 2004a (Crossin et al. , 2004b . Swimming performance experiments have revealed greater aerobic capacity of long-distance migrating Fraser River sockeye (Gates Creek population), which have, on average, 30% higher U crit and & MO 2-max values, than short-distance migrants (Weaver Creek population) tested across a broad and nearly identical temperature range (Lee et al. 2003a ported for Gates Creek sockeye (2.5 FL·s -1 , 17 mg O 2 ·kg -1 · min -1 ), another long-distance-migrating adult sockeye population (e.g., Farrell et al. 2003; Lee et al. 2003a Hinch et al. 1996) , and the Stamp River sockeye salmon (2.5-12 mg O 2 ·kg -1 ·min Brett 1965) . Furthermore, mean U crit and & MO 2-max for our populations of pink salmon and sockeye salmon were substantially higher than those reported for other salmonid species (e.g., coho salmon in Farrell et al. 2003 ; Chinook salmon in Geist et al. 2003) .
Given that previous studies have shown "bell-shaped" relationships between temperature and both & MO 2-max and U crit for salmonids (Claireaux et al. 2000; Fry and Hart 1948; Griffiths and Alderdice 1972; Keen and Farrell 1994; Rome et al. 1990 ), we were surprised by the lack of a strong thermal dependency in our data. There are three potential explanations. The first is that the temperature range was not sufficient to reveal the expected bell-shaped relationship. Although the present study considered a very large temperature range of 11-20°C for sockeye salmon and 9-22°C for pink salmon, and these encompassed the natural "historic" ranges recorded over the past 60 years during the time these populations were migrating upriver, it is possible that they were not broad enough. We found that & MO 2-max , & MO 2-min , and metabolic scope all increased with increasing temperature in sockeye salmon, and weak but significant positive linear relationships between temperature and & MO 2-max , & MO 2-min , and U crit in pink salmon. Perhaps had we used higher maximum temperatures, we would have seen declines in these variables at these higher temperatures. Sockeye salmon populations that migrate in mid-to late summer in the Fraser River exhibit maximum metabolic performance at temperatures similar to their average encountered ambient temperatures (e.g., 13-19°C; Lee et al. 2003a) . Coho salmon populations that migrate up the Fraser River in late fall and that encounter much cooler ambient temperatures have their highest & MO 2-max at 6-9°C (Lee et al. 2003a) . Optimal temperatures for maximal swimming performance also correspond to preferred temperatures in other species such as brown trout (Salmo trutta L., 1758) (16°C; Ojanguren and Brana 2000) and rainbow trout (15°C; Farrell et al. 1996) . We thus would expect Early Stuart sockeye salmon to have thermal optima between 14 and 18°C based on the typical temperatures that they normally encounter during river migration. Indeed we found evidence that their U crit was maximal at~16°C. Similarly, we would have expected upper Fraser pink salmon to have thermal optima between 13 and 17°C, instead U crit appeared to vary the most in this range.
The second is that there were too few fish to generate sufficient statistical power -a fact that may have applied to our sockeye salmon experiments where we only had 16 fish. Our U crit results for sockeye salmon did, however, reveal a characteristic bell-shape relationship with maximum U crit at 16°C, and although it was not statistically significant, temperature explained over 30% of the variation in U crit . Lee et al. (2003a) , with about twice our sample size, were able to significantly model U crit with a quadratic function for two other populations of Fraser River sockeye salmon, across a similar thermal range to ours. However, our pink salmon sample size was equivalent or greater to that of Lee et al. (2003a) , yet there was no indication that this species had an optimum temperature where performance was maximal.
A third possible explanation, which may be most pertinent to pink salmon, is that this species may not have evolved a clear thermal optimum, but instead it can perform reasonably well across a large thermal range. Despite having a maximum metabolic scope at about 8°C, the Chehalis population of Fraser River coho salmon have no thermal optima for U crit and perform equally well across a 9°C temperature range, which spans this population's historically encountered migration temperatures (4-13°C; Lee et al. 2003a ). Moreover, temperature had little influence on & MO 2 -swim speed relationships for adult Columbia River Chinook salmon examined across a large thermal range (8-17°C; Geist et al. 2003) . It is apparent that some Pacific salmon species and populations do not exhibit strong thermal dependence for some measures of swimming performance.
Upper Fraser River pink salmon generally had metabolic scopes that were as wide (average & MO 2-max / & MO 2-min ratio is 5.0) as that reported for other adult salmonids (e.g., maximum ratios of 4.5-5.0 for coho salmon (Lee et al. 2003a ), Chinook salmon (Geist et al. 2003) ; rainbow trout (Rao 1968) ). Early Stuart sockeye salmon, the Fraser River population with the longest freshwater migration distance (~1200 km), also had a maximum ratio of~5.0 as did Gates Creek sockeye salmon (~500 km; Lee et al. 2003a ) and Weaver Creek sockeye salmon (~160 km; Lee et al. 2003a) , implying that within a species migratory difficulty may not have a strong effect on the range of metabolic scopes that can be elicited. Pink salmon had & MO 2-min that were similar to those from other populations and species, but several individuals had relatively high & MO 2-max values and thus had & MO 2-max / & MO 2-min ratios above 5.0, with a few having ratios of 8.0-10.0, representing some of the highest metabolic scopes for adult salmonids.
One possible reason why pink salmon had such large metabolic scope is that swimming is relatively expensive for this species and this may be a way to limit the use of anaerobic metabolism. For pink salmon to swim fast, they need to exhibit much higher TBF than sockeye salmon (e.g., to swim at 140 cm·s -1 , a pink salmon must have 15% higher TBF than that of a sockeye salmon). A given swim speed is generally more expensive to elicit from pink salmon relative to sockeye salmon (e.g., swimming at 2 FL·s -1 consumes 17% more oxygen for pink salmon). It is thus not surprising that pink salmon had a 35% higher average cost of transport than did sockeye salmon. Migrating adult salmonids occasionally need to burst swim, invoking anaerobiosis to pass through fast moving or turbulent rivers. At speeds approaching 60%-70% of U crit , salmonids begin to utilize anaerobic metabolism (Burgetz et al. 1998; Lee et al. 2003b) . By measuring excess post-exercise oxygen consumption following U crit , the nonaerobic costs in adult sockeye salmon and coho salmon were estimated to add an additional 20%-50% to the oxygen consumption measured at U crit (Lee et al. 2003b) . Anaerobic costs can equal one-third of the total daily energy use for sockeye salmon migrating through rapids in the Fraser River canyon (Rand and Hinch 1998) . Because swimming is relatively expensive for pink salmon under aerobic conditions, the additional costs of anaerobiosis may be so high and energy depleting that its use is limited. Pink salmon have the smallest mature body sizes of all the Pacific salmon and thus would have the lowest absolute levels of reserve energy for use during the upriver migration. Pink salmon may have evolved swimming performance abilities that enable it to migrate through fast water conditions primarily using aerobic metabolism (i.e., having capabilties for a large aerobic metabolic scope). Electromyogram (EMG) radiotelemetry supports this hypothesis. Upper Fraser pink salmon and Early Stuart sockeye salmon, carrying EMG radio transmitters and tracked through the Fraser River canyon, revealed unique speciesspecific migration tactics. Sockeye salmon exhibited highly variable swimming speeds, frequently well above U crit (speeds often >9.0 body length (BL) · s -1 ), whereas pink salmon rarely exceeded U crit (speeds never >4.0 BL·s -1 ; Hinch et al. 2002) . Pink salmon also tended to swim closer to shore, perhaps taking advantage of boundary layers, and crossed the river less frequently, thereby avoiding maximum river velocities. Despite different physiological capabilities and behavioural tactics, the average energetic costs of migration for these two groups of fish are about the same as assessed by EMG telemetry and by body constituent analyses (Crossin et al. 2004a (Crossin et al. , 2004b .
Recent increases in en-route and pre-spawning mortality in many Fraser River salmon stocks have emphasized the potential impact of adverse river conditions on the successful completion of the spawning migration (Macdonald 2000; Macdonald et al. 2000; Lapointe 2002 ). Of particular concern are the potential impacts of increasing river temperatures. Over the past 10 years, the Fraser River has exhibited four of its warmest summers (based on a 60 year record; D. Patterson, unpublished data). Climate models have predicted a 2-4°C increase in air temperatures throughout British Columbia over the next 40-90 years (Boer et al. 1992) . In turn, mean summer water temperature in the Fraser River is predicted to rise an average of 1.9°C by 2099, with the largest increase (3.5°C) occurring in mid-July (Morrison et al. 2001 ) when early migrating sockeye salmon are en route to spawning grounds. These sorts of temperature shifts may mean that salmon migrating through the Fraser River during summer months will routinely encounter water temperatures in excess of 20°C. Previous studies have clearly shown that the temperature optima of around 15-17°C for adult sockeye salmon stocks (Brett 1972; Lee et al. 2003a ) are well below these predicted temperatures and this has raised concern among fishery managers (e.g., Macdonald et al. 2000) . Here we show that upper Fraser pink salmon may be less encumbered by temperatures of up to 20-22°C compared with sockeye salmon and thus may be less affected by the increasing water temperatures of the future.
There is a large degree of genetic homogeneity among all groups of Fraser River pink salmon (Bruce White, personal communication). Indeed of all the Pacific salmon, migrating adult pink salmon have relatively high straying rates (Heard 1991) . The high metabolic scope and high inter-individual variability in swimming performance that we observed supports the notion that pink salmon may not be as locally adapted to particular migration conditions as are sockeye salmon and physiologically capable of migrating to different spawning destinations. This may be of paramount importance to the survival of this species because their unique 2 year life span and strong dominance cycles make them vulnerable to extirpation following as little as one unsuccessful spawning season.
